DNA-DNA hybridization (DDH) values have been used by bacterial taxonomists since the 1960s to determine relatedness between strains and are still the most important criterion in the delineation of bacterial species. Since the extent of hybridization between a pair of strains is ultimately governed by their respective genomic sequences, we examined the quantitative relationship between DDH values and genome sequence-derived parameters, such as the average nucleotide identity (ANI) of common genes and the percentage of conserved DNA. A total of 124 DDH values were determined for 28 strains for which genome sequences were available. The strains belong to six important and diverse groups of bacteria for which the intra-group 16S rRNA gene sequence identity was greater than 94 %. The results revealed a close relationship between DDH values and ANI and between DNA-DNA hybridization and the percentage of conserved DNA for each pair of strains. The recommended cut-off point of 70 % DDH for species delineation corresponded to 95 % ANI and 69 % conserved DNA. When the analysis was restricted to the protein-coding portion of the genome, 70 % DDH corresponded to 85 % conserved genes for a pair of strains. These results reveal extensive gene diversity within the current concept of 'species'. Examination of reciprocal values indicated that the level of experimental error associated with the DDH method is too high to reveal the subtle differences in genome size among the strains sampled. It is concluded that ANI can accurately replace DDH values for strains for which genome sequences are available.
INTRODUCTION
There is a general consensus among taxonomists that all taxonomic information about a bacterium is incorporated in the complete nucleotide sequence of its genome (Stackebrandt et al., 2002; Wayne et al., 1987) . As wholegenome sequencing did not become available until recent years and, even then, only for a limited number of organisms, other parameters by which organisms could be classified into practical categories were needed. Since the 1960s, DNA-DNA hybridization (DDH) experiments have been performed to determine relatedness between bacteria, as this was one of the few universally applicable techniques available that could offer truly genome-wide comparisons between organisms. A value of 70 % DDH was proposed by Wayne et al. (1987) as a recommended standard for delineating species. Although this recommendation is not a strict standard and, in fact, several studies have used more stringent DDH cut-off values or have employed no DDH experiments at all, we focused our analysis on 70 % DDH because it is the best-known standard. Several principally different methods for the measurement of DDH values have been described (Brenner et al., 1969; Crosa et al., 1973; De Ley et al., 1970; Ezaki et al., 1989) , and the use of DDH in bacterial taxonomy has recently been reviewed in detail (Rosselló -Mora, 2006) . While the technique has the abovementioned advantages, it also has several important drawbacks. Because relatively large quantities of DNA (in comparison with PCR-based techniques) of a high quality are required, the whole process of performing DDHs often becomes rather time-consuming and labour-intensive. Also, the diverse methods that are available can yield different results, especially for lower reassociation values (Grimont et al., 1980; Huß et al., 1983) . Its main disadvantage, however, is that because of the comparative nature of the technique no incremental databases can be built, in contrast to sequence information, for example Stackebrandt, 2003) . Because of these drawbacks, bacterial taxonomists are actively searching for alternative methods that can replace DDH experiments (Cho & Tiedje, 2001; Coenye et al., 2005; Gevers et al., 2005) .
We have recently shown that the average nucleotide identity (ANI) of conserved genes present in two sequenced strains represents a robust measure of the genetic and evolutionary distance between them, because it shows a strong correlation with 16S rRNA gene sequence similarity and the mutation rate of the genome, it is not affected by lateral transfer or variable recombination rates of single (or a few) genes and it offers resolution at the subspecies level (Konstantinidis & Tiedje, 2005) . Previously, ANI was compared with DDH values using a limited number of published data often obtained with different hybridization methods. When DDH values were not available for the sequenced strains, mean DDH values for other strains of the same species were used in the calculations (Konstantinidis & Tiedje, 2005) . However, it is important to account for strain differences within species and to perform all DDH experiments with a single, wellestablished method under identical experimental conditions.
The goal of the present study was to examine more accurately the relationship between DDH values and (genomic) sequence-derived parameters, such as ANI. For this purpose, we determined a large number of DDH values among related strains for which the whole genome had been sequenced. Furthermore, we evaluated whether genome size differences can explain differences in reciprocal reactions that are often observed with DDH. organisms, DNA was prepared according to De Clerck et al. (2004) . DDH reactions were as described by Ezaki et al. (1989) , with slight modifications. Briefly, DNA was non-covalently adsorbed to polystyrene microplates (black MaxiSorp, FluoroNunc; Nunc) by incubating 100 ml portions of a denatured DNA solution [10 ng DNA per ml phosphate-buffered saline (PBS)/MgCl 2 (8 mM NaH 2 PO 4 , 1.5 mM KH 2 PO 4 , pH 7.2, 137 mM NaCl, 2.7 mM KCl, 0.1 M MgCl 2 )] per well at 30 uC for 4 h in a hybridization oven. Before incubation, plates were sealed with self-adhesive vinyl tape (Nunc). The plates were then washed once with 300 ml PBS per well with the aid of a multichannel pipette, dried at 45 uC for 15 min and stored in a desiccator at 4 uC. Probe DNA was labelled by mixing 10 ml DNA solution [0.5 mg ml 21 in 0.16 SSC (16 SSC is 0.15 M NaCl plus 0.015 M sodium citrate, pH 7.0±0.2)] plus 10 ml photobiotin solution (Sigma) (0.5 mg ml 21 in water) in a 1.5 ml Eppendorf tube and illuminating the mixture for 30 min under a 400 W mercuryvapour lamp while the open tube was kept upright in a cooling block on ice. The labelled probe DNA was diluted by adding 185 ml 0.1 M Tris/HCl (pH 9.0) and the remaining free photobiotin was removed by extracting twice with 200 ml water-saturated 1-butanol. The probe DNA was then fragmented with 30 ultrasonic pulses at 70 % output (model W-385 sonicator; Heat Systems-Ultrasonics), denatured at 100 uC for 10 min and immediately cooled on ice. A pre-hybridization step was performed by adding 200 ml pre-hybridization solution (26 SSC, 56 Denhardt's solution, 50 % formamide, 100 mg denatured salmon sperm DNA ml 21 ) per well, sealing the microplate with vinyl tape and incubating it for 30 min at the appropriate hybridization temperature (Table 1) in the hybridization oven. For the actual hybridization, the pre-hybridization solution was removed and 100 ml hybridization solution (pre-hybridization solution plus 2.5 % dextran sulfate and 1 mg probe DNA ml 21 ) was added per well. The microplate was sealed again with vinyl tape and incubated for 3 h at the appropriate hybridization temperature. Hybridization temperatures (given in Table 1 ) chosen were about 5 uC higher (stringent conditions) than the optimal renaturation temperature calculated as [0.516 (G+C mol%) + 47] 2 36 uC, where 36 uC is the correction for the presence of 50 % formamide (De Ley, 1970; McConaughy et al., 1969) . The microplate was then washed three times with 300 ml 16 SSC per well. For the enzymic development, 100 ml streptavidin-b-D-galactosidase (Gibco BRL) solution was added per well (0.5 U ml 21 in PBS plus 0.5 % BSA) and the microplate was covered with a preheated empty microplate and incubated for 10 min at 37 uC. Subsequently, the plate was washed three times with 300 ml 16 SSC per well, using the microplate washer. Finally, the substrate for b-D-galactosidase, 4-methylumbelliferyl b-D-galactopyranoside (Sigma), was added (100 ml per well, 0.1 mg ml 21 in PBS plus 1 mM MgCl 2 ) and the plate was incubated at 37 uC. The reaction product, 4-methylumbelliferone (excitation max., 360 nm; emission max., 465 nm) was quantified using a SpectraMax M2 microplate reader (Molecular Devices) at 0, 15, 30 and 45 min and data were immediately transferred to a personal computer. DDH values were calculated using the fluorescence measurements at 30 min; a homologous reaction was regarded as representing 100 % reassociation.
Unless otherwise stated, the DDH values reported here are the means of at least two independent experiments (i.e. DNA immobilization and actual hybridizations performed in different batches on different days). In each of these experiments, all hybridization reactions were done in quadruplicate and calculations were based on the mean fluorescence values (clearly aberrant fluorescence values were omitted). All reciprocal hybridizations (different hybridizations using the same DNAs, A and B, but once with A as the immobilized DNA and once with B as the immobilized DNA) were carried out.
Sequence-based comparisons. All pairwise, whole-genome sequence comparisons were performed as follows. The genomic sequence from one of the genomes in a pair ('the query') was cut into consecutive 1020 nt fragments. The 1020 nt cut-off was used to correspond with the fragmentation of the genomic DNA to approximately 1 kb fragments during the DDH experiments. The use of different cut-offs (e.g. smaller fragments) did not notably modify our results (data not shown). The 1020 nt fragments were then used to search against the whole genomic sequence of the other genome in the pair ('the reference') by using the BLASTN algorithm (Altschul et al., 1997) ; the best BLASTN match was saved for further analysis. The BLASTN algorithm was run using the following settings: X=150 (where X is the drop-off value for gapped alignment), q=21 (where q is the penalty for nucleotide mismatch) and F=F (where F is the filter for repeated sequences); the rest of the parameters were used at the default settings. These settings give better sensitivity than the default settings when more distantly related genomes are being compared, as the latter target sequences that are more similar to each other.
To calculate the percentage of conserved DNA between a query and a reference, only those BLASTN matches reaching values above a cut-off point of 90 % nucleotide sequence identity were considered, regardless of the extent of the alignable region. The lengths of the alignable regions for all such matches were summed and the sum was divided by the total length of the genomic DNA of the query genome to provide a genome size-independent measurement of the percentage of the query's DNA that was conserved in the reference genome.
The ANI between the query genome and the reference genome was calculated as the mean identity of all BLASTN matches that showed more than 30 % overall sequence identity (recalculated to an identity along the entire sequence) over an alignable region of at least 70 % of their length. This cut-off is above the 'twilight zone' of similarity searches in which an inference of homology is error prone because of low levels of similarity between aligned sequences (Rost, 1999; Sander & Schneider, 1991) . Therefore we can assume that only homologous DNA fragments were considered in our calculations.
Reverse searching, i.e. in which the reference genome is used as the query, was also performed to provide reciprocal values. Perl scripts were used to extract 1020 nt fragments from whole-genome sequence files, formatting databases for BLAST searches and automatically parsing BLAST outputs. These scripts are available upon request.
RESULTS
The DDH values measured, the ANI data and the percentages of conserved DNA among strains within the six bacterial groups are presented in Table 2 . For the DDH values, the mean values of replicate reactions as well as the standard deviations are given. We evaluated the correlation between DDH values, ANI data and the percentages of conserved DNA using different regression models (Figs 1 and 2). Regression analysis between DDH values and ANI data performed using linear, exponential, power and logarithmic models gave comparably high r 2 correlation values (0.94, 0.94, 0.95 and 0.94, respectively). The recommended cut-off point of 70 % DDH for species delineation thereby corresponded to an ANI of 95±0.5 %, depending on the specific regression model used ( Fig. 1a ).
When the analysis was restricted to the protein-coding portion of the genome, the 70 % DDH recommendation corresponded to a mean value of 85 % gene conservation for a pair of strains. In an effort to obtain a more conservative estimation of functional similarity, a reciprocal best-match approach was used to determine the orthologous fraction of the conserved genes. In this case, 70 % DDH corresponded to 79 % conserved genes. For the percentage of conserved DNA, we initially evaluated different sequence identity cutoff points to test which of them corresponded best to the DDH values. The 60, 70, 80, 90 and 95 % sequence identity cut-off points evaluated resulted in r 2 values of 0.85, 0.87, 0.87, 0.96 and 0.78, respectively. As the best correlation was obtained with a 90 % cut-off point, only those values (for percentage of conserved DNA) calculated with this cut-off are given in Table 2 and used in Fig. 1(b) . In comparison with the linear model (r 2 =0.95), significantly lower r 2 values were calculated with the exponential, power and logarithmic models (0.87, 0.82 and 0.71, respectively). With the linear model, a DDH value of 70 % corresponded to 69 % conserved DNA (Fig. 1b) . The genomic sequencederived parameters ANI and the percentage of conserved DNA correlated well at cut-off points above about 80 % ANI (r 2 =0.96 for the linear model; Fig. 2) . Given the 90 % cutoff point used for the calculation of the percentage of conserved DNA, no correlation should be expected at ANI values lower than 80 %. As ANI and the percentage of conserved DNA could not be considered as independent parameters, no multiple regression analysis with DDH could be performed.
Every DDH reaction was run in the reverse direction as well, i.e. in which the immobilized genome of the forward reaction is used as the probe genome in the reverse reaction. We evaluated whether DNA content differences account for differences between values for the reciprocal reactions. For instance, if the amount of DNA conserved in two genomes A and B (where A has a larger genome size than B), is x Mb, then this conserved DNA represents a larger percentage of the genomic DNA of strain B compared with strain A. Therefore, the reassociation reaction with B as the immobilized genome should have a higher value than the reverse reassociation reaction (i.e. proportional to the genome size difference between the two strains). We found a weakly positive (r 2 =0.19) but significant (P<0.001) linear correlation between the difference in the reciprocal DDH values and the difference in the percentage of conserved DNA between two genomes (Fig. 3) . The weakness of the correlation is probably attributable to experimental error, which, although reasonably small (the mean standard deviation was 2.7 %), is relatively large with respect to the typically small differences between the reciprocal DDH values (the mean difference was 4.3 %). The ANI between a pair of strains typically shows <0.1 % difference between the reciprocal searches, i.e. when the query genome of the forward search was used as the reference in the reverse (reciprocal) search. Therefore, ANI should have only a minimal effect on differences between reciprocal DDH values, and therefore we did not investigate this correlation.
Finally, we looked for correlations between the mean G+C content of the genome, the percentage of genomic fragments deviating from the mean genomic G+C content, genomic duplication and the extent of variation between replicates of the same DDH hybridization (i.e. the experimental error).
Genomic duplication was defined here as the fraction of the 1020 nt genomic fragments that have another match within their genome with more than 80 % identity. We found no significant correlations between any of these parameters and the experimental error. Therefore, the experimental error associated with DDH values is presumably attributable exclusively to technical issues concerning DDH experiments. interpretations. The microplate hybridization method of Ezaki et al. (1989) is a well-established and frequently used method in bacterial taxonomy (Rosselló -Mora, 2006) . A mean standard deviation of 2.7 % was calculated between replicate DDH experiments. This deviation is comparable to or smaller than those reported in previous studies (Christensen et al., 2000; Goris et al., 1998; Huß et al., 1983; Johnson, 1991) , indicating that the experimental error was consistently small. Several reviews (Rosselló -Mora, 2006; Rosselló -Mora & Amann, 2001; Stackebrandt & Goebel, 1994; Stackebrandt & Liesack, 1993) mention that DNA fragments must share at least 80 % identity in order to hybridize during DDH experiments. However, this statement is based on early studies of the hybridization kinetics of unmodified and alkali-deaminated DNA (Ullmann & McCarthy, 1973) or synthetic polyribonucleotides (Bautz & Bautz, 1964) . We found that a cut-off point of 90 % nucleotide identity gave a significantly better correlation between the percentages of conserved DNA and the DDH values than the 80 % cut-off point (r 2 =0.96 versus 0.87, respectively). Our analysis does not preclude the possibility that some genomic fragments of 80 % (or less) identity cross-hybridize, but it shows that fragments of greater identity are more important during the genome-scale hybridizations; consequently, a 90 % cut-off point was used in the remaining analysis to determine the percentage of conserved DNA between two strains.
DISCUSSION
Our results revealed a close relationship between DDH values and ANI (Fig. 1a ) and between DDH values and the percentage of conserved DNA (Fig. 1b) for each pair of strains. Because of the very small differences between different models (linear, exponential, power and logarithmic) in terms of their ability to describe the relationship between DDH and ANI, no assumptions can be made about the mechanisms underlying this relationship based on these comparisons. The relationship between DDH values and percentage of conserved DNA was best described by a linear model. The model's divergence from the ideal situation (y=x) at lower values for the percentage of conserved DNA could be explained by a small contribution from DNA fragments with less than 90 % identity but that still hybridize (Fig. 1b) . The finding that ANI and the percentage of conserved DNA are strongly correlated is consistent with previous results (Konstantinidis & Tiedje, 2005) . Therefore, only one of these two genome-derived parameters is necessary for a fairly accurate prediction of the expected DDH values between two strains. According to our dataset, the classical cut-off point of 70 % DDH similarity for species PfO delineation corresponds to 95 % ANI and 69 % conserved DNA. With the analysis restricted to the protein-coding portion of the genome, 70 % DDH corresponds to 85 or 79 % conserved genes between a pair of strains when, respectively, a one-way or a reciprocal best-match approach was used to determine the orthologous fraction of the conserved genes. These results reveal that the 70 % DDH recommendation encompasses relatively homogeneous strains at the genomic level, which is consistent with previous studies on the phenotypic similarity of the strains (Stackebrandt & Goebel, 1994; Wayne et al., 1987) . Nonetheless, a difference of up to 21 % in gene content between strains showing ¢70 % DDH represents a large genetic and (presumably) phenotypic difference, e.g. up to 1000 genes may differ between two strains with a 5 Mb genome (approximately the mean genome size). Such a large difference in gene content would probably be responsible for a suite of important phenotypes, which could justify the description of such strains as separate species or, at least, Fig. 1 . Relationship between DDH values and genomic sequence identity and conservation. Each filled circle represents the value for DDH between two strains (y-axis), plotted against the ANI of the conserved genes between the strains (a) and the percentage of conserved DNA between the strains (b). The standard deviations for the DDH values, omitted from (a) for simplicity, are shown in (b). A linear trend line is shown, but other regression models were evaluated as well (see text). The horizontal broken lines denote the 70 % DDH recommendation for species delineation, while the vertical broken lines denote the corresponding ANI (a) and percentage of conserved DNA (b) values for linear regression. Reciprocal DDH values versus DNA-content differences. Each filled circle represents the difference between the reciprocal DDH reactions (y-axis) for a pair of strains (e.g. strain A versus strain B, with A being the query and immobilized strain in the sequence comparisons and DDH experiments, respectively), plotted against the difference in the percentage of conserved DNA between the two strains. A negative value on the y-axis indicates that the reciprocal reaction, i.e. using B as the query and immobilized strain, gave a higher DDH value than the forward reaction. A negative value on the x-axis indicates that the conserved DNA between the two strains represents a larger fraction of strain B (or, alternatively, that strain B has a smaller genome size than strain A). ecotypes. It is possible, however, that these phenotypes would only be important under natural conditions, i.e. they might not be apparent under laboratory conditions because of technological limitations. If the results based on the six bacterial groups considered here are more universally applicable in the prokaryotic world, then our results suggest that the 70 % DDH criterion can only serve as a first (coarse) level of screening for species. Higher resolution should then be adopted, as necessary, for particular groups of organism.
Theoretically, differences in DNA content (or genome size) could be expected to lead to differences in reciprocal DDH values. However, the low level of correlation found between differences in reciprocal DDH values and the difference in the percentage of conserved DNA between two genomes (Fig. 3) indicates that DDH is too coarse a method (i.e. the experimental error is too high) to reveal subtle differences in genome size between strains. Experimental error could not be explained by (deviations of) the mean genomic G+C content or genomic duplications and is therefore probably solely attributable to technical errors such as DNA impurities and fragmentation affecting the efficiencies of the immobilization, hybridization and enzymic reactions.
Our results (Fig. 1) , together with data from other studies (Rademaker et al., 2000; Vauterin et al., 1995) , suggest that DDH values are continuous, i.e. theoretically, every value between 0 and 100 % could be obtained in DDH experiments. These data are supportive of a continuous gradient of genetic relatedness rather than discrete species boundaries. Although relatively few of the 28 strains studied appeared to be moderately related (i.e. showing 80-90 % ANI or 30-60 % DDH) ( Fig. 1) , this result is probably attributable to a bias in the collection of sequenced strains rather than to species boundaries. We recently reported on the occurrence of species-specific diagnostic genetic signatures among sequenced representatives of E. coli/Shigella and Salmonella (Konstantinidis & Tiedje, 2005) . The recent description of Escherichia albertii (Huys et al., 2003) , a novel species that probably spans the genetic gap between E. coli and Salmonella (Hyma et al., 2005) , as well as the analysis of environmental E. coli isolates (Byappanahalli et al., 2006; Ishii et al., 2006) , indicates, however, that a genetic continuum may indeed be present for this group of bacteria as well. Besides, because of the pronounced decrease in the percentage of conserved DNA shown with increasing evolutionary distance (Fig. 2) , discontinuities in the DDH values should be expected every time distantly related groups are compared (e.g. <80-85 % ANI) such as E. coli versus Salmonella (~80 % ANI). Shorter evolutionary scales, e.g. corresponding to 85-100 % ANI, are the most important -and at the same time the most underinvestigated -areas for investigation with respect to species boundaries. The current dataset is simply too small for either validation or rejection of the existence of 'condensed nodes in a cloudy and confluent taxonomic space' (Vandamme et al., 1996) . As has been stated previously by other authors (e.g. Rosselló -Mora, 2003) , species delineation through the rigid application of any standard for DNA-DNA relatedness (such as the 70 % cut-off point) is purely arbitrary. Our data further validate this statement, as the 70 % cut-off point does not necessarily correlate with clear genomic clusters within the set of strains investigated.
A note should be made here regarding DDH values and species designation. Despite the fact that they are classified within separate genera, it is known that in the context of population genetics the four Shigella species belong to the diverse species E. coli (Lan & Reeves, 2002) . This is clearly reflected in our hybridization results (Table 2) : reassociation values between 61.3 and 83.3 % were found between Shigella sonnei 53G or Shigella flexneri 2a 2457 T and the six E. coli strains. These values are comparable with those found among the E. coli strains (71.4-100 %, highest level of similarity being between the two O157 serotypes).
Remarkably low DDH values were found between Pseudomonas strains that are reported to belong to the same species: P. fluorescens strains Pf-5, SBW25 and PfO-1 yielded DDH values between 25 and 32 %, whereas the two P. syringae strains, B728a and DC3000, yielded DDH values of 38-39 % ( Table 2) . These low reassociation values demonstrate that these strains cannot belong to the same species. Consistent with this, the ANI values among these genomes are much lower than the 95 % ANI value corresponding to the 70 % DDH recommendation.
While the first example might be common knowledge among microbiologists, the second illustrates that caution should be exercised when drawing conclusions in genomecomparison studies based on the reported species name for some sequenced strains.
In conclusion, we have shown that DDH values correlate well with the genome sequence-derived parameters ANI and the percentage of conserved DNA. A value of 70 % DDH thereby corresponds to about 95 % ANI and 69 % conserved DNA. Previously published DDH values could be used to give a rough approximation of the ANI values and gene-content differences between the strains evaluated, using the equations described here (Fig. 1) . For more accurate measurements, however, alternative methods are needed. At present, only a relatively small fraction of all available strains can be fully sequenced, but multilocus sequencing analysis using appropriate genetic markers might have potential application in this area. Further investigation is required, however, to determine whether multilocus sequencing analysis correlates as well as DDH with ANI. Despite its drawbacks, DDH remains valuable in bacterial taxonomy. It is the accepted standard, and, to date, no other universally applicable and cost-effective technique offers genome-wide comparison. However, the steadily decreasing cost of DNA sequencing means that DDH is likely to be replaced by sequence-based techniques in the not-too-distant future.
